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Abstract
Organic semiconductors may enable a wide range of flexible electronics, such as flexible
displays or solar cells. Conjugated polymers constitute one of the most widely studied class
of organic semiconductors. Molecular doping is an important tool to adjust their electrical
conductivity through introduction of negative or positive charges by addition of molecular
dopants. However, solution-processing of conjugated polymers with molecular dopants is
limited due to precipitation and a low number of charges formed per dopant molecule as a
result of dopant aggregation or inappropriate energy levels. Thus, large amounts of dopant
are required that compromise the nanostructure of conjugated polymers and in turn
reduce the electrical conductivity, which is furthermore sensitive to elevated temperatures
or the exposure to air in case of n-doping. Therefore, ways that mitigate processing issues
and increase the efficiency and stability of molecular doping are highly desired.
This thesis explores several concepts that may allow to improve the efficiency of molecular
doping. A reduction of the required amount of dopant molecules is achieved by enhancing
the compatibility of conjugated polymer:dopant pairs, which results in increased numbers
of charges that are created per dopant molecule. In particular, polar side chains on
conjugated polymers permit processing of polymer:dopant pairs from the same solution
and largely suppress dopant aggregation resulting in improved electrical conductivity for
p- and n-doping. Additionally, both the thermal stability of p-doped and air stability
of n-doped films are found to benefit from polar side chains. Further, a low ionisation
energy of conjugated polymers gives rise to dianion formation of common p-dopants. This
double doping results in formation of two charges per dopant molecule and, thus, allows
doubling of the doping efficiency. The concepts presented in this thesis provide several
important design rules to guide the development of more efficient and stable molecularly
doped conjugated polymers.
Keywords: molecular doping, polar conjugated polymer, compatibility, double doping,
dopant dianion, thermal stability, air stability
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Nomenclature
4T quaterthiophene
α Seebeck coefficient
BBL poly(benzimidazobenzophenanthroline)
BCF tris(pentafluorophenyl)borane
CV cyclic voltammetry
DDQ 2,3-dichloro-5,6-dicyano-p-benzoquinone
DFT density functional theory
DPP diketopyrrolopyrrole
ε relative dielectric constant
ε0 vacuum dielectric constant
EA electron affinity
Eg band gap
EPR electron paramagnetic resonance
εr absolute dielectric constant
F2TCNQ 2,5-difluoro-7,7,8,8-tetracyanoquinodimethane
F4TCNQ 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
F6TCNNQ 1,3,4,5,7,8-hexafluoro-tetracyanonaphthoquinodimethane
FTIR Fourier-transform infrared spectroscopy
FTS (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane
GIWAXS grazing-incidence wide-angle X-ray scattering
HOMO highest occupied molecular orbital
IE ionisation energy
κ thermal conductivity
ke Coulomb constant
LUMO lowest unoccupied molecular orbital
μ charge carrier mobility
Mo(tfd)3 molybdenum tris(1,2-bis(trifluoromethyl)ethane-1,2-dithiolene)
n charge carrier density
iii
N-DMBI 4-(2,3-Dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N -dimethylbenzenamine
N-DPBI 4-(1,3-Dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)-N,N -diphenylaniline
NDI naphthalene diimide
NIR near-infrared
OECT organic electrochemical transistor
OFET organic field-effect transistor
OLED organic light-emitting diode
p(g42T-T) thiophene based copolymer with oligoethylene glycol side chains
p(g42T-TT) thienothiophene based copolymer with oligoethylene glycol side chains
p(gNDI-gT2) naphtalene diimide dithiophene copolymer with oligoethylene glycol
based side chains
p(NDI2OD-T2) naphtalene diimide dithiophene copolymer, also N2200
P3HT poly(3-hexylthiophene-2,5-diyl)
pBTTT poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene]
PCBM [6,6]-phenyl-C61-butyric acid methyl ester
PDI perylene diimide
PEDOT poly(3,4-ethylenedioxythiophene)
PEI poly(ethylene imine)
PEO poly(ethylene oxide)
PE polyethylene
PLLA poly(L-lactic acid)
PPV poly(p-phenylene vinylene)
PS polystyrene
PSS poly(styrene sulfonate)
q elementary charge
σ electrical conductivity
TDAE tetrakis(dimethylamino)ethylene
TOS p-toluenesulfonic acid
UPS ultraviolet photoelectron spectroscopy
UV-vis ultraviolet-visible
ZT thermoelectric figure of merit at temperature T
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1 Introduction
The demonstration of the first transistor in the 1940s marked the starting point for the era
of electronics.1 Since then, electronics have become an omnipresent part of everyday life,
for example, in the form of personal devices such as computers and mobile phones. The
class of materials, which enables all types of electronic technology, are semiconductors.
Today, electronics are mostly based on inorganic semiconductors, such as silicon or gallium
arsenide. Instead, electronics can also be built with organic semiconductors, a particular
type of molecules that can conduct electricity. They are particularly attractive for their
potential low-cost manufacture and mechanical flexibility. The field of organic electronics
received its critical spark in the mid-1970s by the discovery of metal-like conductivity in
the pi-conjugated polymer polyacetylene achieved by oxidation with iodine vapour.2 Over
the years this led to further revelations such as electroluminescence in small molecules3
and conjugated polymers4 and the demonstration of photovoltaic cells based on organic
molecules.5–7 In the year 2000, more than two decades after the discovery was made, the
dawn of organic electronics was recognized with the Nobel prize in Chemistry for Alan
Heeger, Alan MacDiarmid and Hideki Shirakawa.8
Today, the (potential) application areas of organic electronics range from display technology
and lighting applications, energy harvesting and storage to bioelectronics. Electronics
based on organic materials offer the benefit of uncomplicated, high-throughput and low-
temperature manufacturing, by e.g. roll-to-roll printing, and the ability to tailor their
chemical structure for specific optical and electronic properties.9 A prominent example of
commercial products based on organic semiconductors are organic light-emitting diodes
(OLEDs). They have become a key technology for displays in smartphones and high-end
TV screens because of to the broad spectrum of colours and better contrast that can
be realised with organic semiconductors compared with inorganic alternatives.10 Other
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commercial products for OLED technology include flexible decorative lighting panels and
car taillights.11,12 Organic field-effect transistors (OFETs) are another type of device
that were introduced for flexible e-paper displays13 and have been demonstrated for use
as sensors14 and switching circuits.15
Organic solar cells are deemed a possible alternative to silicon solar cells, that are poten-
tially semi-transparent and may be printed on flexible substrates.16 Organic thermoelectric
generators are another energy harvesting technology that is widely studied. They allow
direct conversion of heat into electrical energy or vice versa to make use of waste heat
or for cooling/heating.17,18 The compelling ability of some organic semiconductors to
conduct both electronic and ionic charges can be used for organic batteries or capacitors19
and more recently as an interface to the biological world, explored within the field of
organic bioelectronics.20,21
Organic semiconductors come in a vast structural variety that influences their properties
and enables customisation for specific applications. Generally, organic semiconductors
can be categorized into small molecular and polymeric semiconductors, i.e. conjugated
polymers. Small molecular semiconductors are polycyclic aromatic hydrocarbons, such
as pentacene (figure 1.3). Conjugated polymers on the other hand feature extended
pi-conjugated systems, e.g. along their backbones. Other carbon-based semiconductors
are fullerenes (figure 1.3), as well as graphene and carbon nanotubes, which comprise
single sheets or tubes of hexagonal carbon atoms, respectively.22 This thesis will focus
on conjugated polymers, which will be discussed in more detail during the following
section.
2
1.1 Conjugated Polymers
Polymers are molecules with relatively high molecular mass (macromolecules) that consist
of repeat units, which are ”derived, actually or conceptually, from molecules of low relative
molecular mass”.23 The majority of polymers, such as polyolefins, are insulators since they
feature a band gap >5 eV. Instead, conjugated polymers, such as polyacetylene (figure 1.3),
are semiconductors with a band gap <3 eV because of pi-conjugation, which is the result
of alternating double bonds between unsaturated carbon atoms. Double bonds are formed
by the four valence electrons of a carbon atom. One electron is dedicated to the σ-bond
between sp2 orbitals and a second electron to the pi-bond by the overlap of p-orbitals
(figure 1.1). Since the chemical structure is maintained by the σ-electrons, pi-electrons can
undergo electronic transitions induced by e.g. light or redox reactions.
C C
sp2
sp2
sp2 sp2
sp2
sp2
p p
p
p
p-bond
p-bond
s-bond
Figure 1.1: Schematic of double bond formation between two carbon atoms by the overlap
of sp2- and p-orbitals.
Energy level splitting for pi-bonds leads to a bonding pi- and an anti-bonding pi∗-orbital,
which constitute the highest occupied molecular orbital (HOMO) and the lowest un-
occupied molecular orbital (LUMO), respectively. The band gap (Eg) of a conjugated
polymer is the difference between its HOMO and LUMO energy. Alternating single and
double bonds form a pi-conjugated system over which the pi-electrons are delocalized.
The band gap of an organic semiconductor reduces with the extent of conjugation as a
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result of progressive energy band splitting (figure 1.2) leading to more semiconducting
properties.
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Figure 1.2: Evolution of the HOMO and LUMO levels as well as the band gap Eg with
increasing number of thiophene repeat units, resulting in valence and conduction bands
for polythiophene. Reproduced from reference 17 with permission from the Royal Society
of Chemistry.
Conjugated polymers commonly feature a band gap between 1.5 and 3 eV, which is
considerably larger compared with a band gap <1.1 eV for conventional inorganic semi-
conductors. Therefore, the intrinsic charge carrier density in conjugated polymers at room
temperature is relatively low and requires generation of charge carriers by external stimuli,
such as absorption of light or molecular doping. Doping either induces negative (n-type)
charge carriers by the addition of electrons or positive (p-type) charge carriers by the
4
removal of electrons, i.e. formation of holes, and will be covered in more detail in chapter
2.
pentacene
C60-fullerene
polyacetylene
polythiophene PEDOT
p(NDI2OD-T2)
pBTTT
FBDPPV
BBL
Figure 1.3: Chemical structures of some small molecular and polymer semiconductors.
The properties of conjugated polymers can be influenced by a wide set of tools, such as
synthetic methods to change their chemical structure or manipulation of their solid-state
properties by the choice of processing method. For example, the choice of repeat unit
directly influences the optoelectronic properties of a conjugated polymer.24,25 The poly-
thiophene poly(3-hexylthiophene-2,5-diyl) (P3HT) consist of only one type of repeat unit
and behaves as a p-type semiconductor. Instead, the donor-acceptor polymer p(NDI2OD-
T2) comprising alternating donor dithiophene and acceptor naphtalene diimide (NDI)
units is characterised as n-type. Co-polymerisation of donor and acceptor units is a general
5
tool to reduce the band gap of a conjugated polymers, which is beneficial for e.g. organic
solar cells.
Since unsubstituted conjugated polymers such as polythiophene are intractable, solubility
in organic solvents is usually enabled by aliphatic side chains. Side chains also facilitate
synthesis of high molecular weight conjugated polymers. The length and regularity of
alkyl side chains has a strong influence on the thermal properties such as the melting and
glass-transition temperature.26,27 Moreover, side chain design can be used to adjust other
physical properties, such as light absorption and charge transport, as well as interactions
with ions.28 The specific case of oligoethylene glycol side chains will be discussed in this
thesis (cf. Section 3.2).
Semi-crystalline conjugated polymers, such as regioregular P3HT, have the ability to
form ordered structures, which significantly influence its optoelectronic properties. Crys-
tallisation is influenced by the molecular structure as well as the choice of processing
schemes, such as solvent and casting temperature. Higher charge carrier mobilities are also
achieved by a more rigid backbones like in the case of poly[2,5-bis(3-tetradecylthiophen-2-
yl)thieno[3,2-b]thiophene] (pBTTT).29
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2 Molecular Doping of Conjugated Polymers
Organic semiconductors in their pristine (undoped) state feature no intrinsic charge carriers.
Therefore doping is used to introduce and control the desired amount of charges in organic
semiconductors, e.g. for certain layers in thin film devices (cf. section 2.3), such as OLEDs,
OFETs and organic solar cells,30,31 or bulk applications, like organic thermoelectrics18 and
conducting fibres.32 For conventional inorganic semiconductors the term ”doping” refers to
small impurities of atoms that have a lower or higher valence in the host semiconductor.33
Instead, organic semiconductors are doped by addition of dopant molecules (atoms) or
transition metal complexes. This process is commonly referred to as molecular doping
and the result of p- or n-doping are positive or negative charges, respectively. This thesis
will focus on molecular doping of conjugated polymers. Molecular doping is also used
for charge carrier density modulation in e.g. small molecule semiconductors,31 carbon
nanotubes and graphene,22 as well as perovskites34 and quantum dots35, which will not
be covered here.
2.1 Basic Principles
The two prevalent mechanisms to achieve molecular doping are acid/base or redox doping
(figure 2.1). Acid/base doping entails a chemical reaction by the transfer of a hydride
H– for n-doping and a proton H+ in case of p-doping from the neutral dopant molecule
to the semiconductor.33,36 The charge neutrality is maintained by the reacted dopant
molecule acting as counter-ion for the charge on the semiconductor. In case of redox
doping, strong electron accepting (p-doping) or electron donating (n-doping) molecules
are added to the semiconductor.37,38 The result is a charge pair, which can be a charge
transfer complex or an ion pair provided that full charge transfer occurs (figure 2.4). The
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ionisation energy (IE) and electron affinity (EA) of the donor and acceptor should be
similar in order for efficient charge transfer to occur. Redox doping is further discussed in
the next section and chapter 4. A third mechanism is doping with Lewis acids and bases
that can coordinate to the semiconductor with their electrophilic or nucleophilic centre
and induce charge carriers by a redistribution of the electron density39,40 or through an
anion assisted electron transfer.41,42
LUMO
HOMO
LUMO
LUMO
HOMO
e-
e-
n-type
dopant
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dopantn-doping
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gy
HOMO
semiconductor
p-doping
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C+(H+)A-(H-)
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e
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Figure 2.1: Basic principle of acid/base doping, which involves the transfer of an anion
(A–, typically H–) or cation (C+, typically H+) to the semiconductor (top); and redox
doping, which involves the transfer of an electron to the LUMO or from the HOMO of
the semiconductor in the case of n- and p-doping, respectively (bottom). Adapted from
reference 17 with permission from the Royal Society of Chemistry.
A radical cation (radical anion), i.e. a polaron, is formed in the case of p-doping (n-doping),
that is delocalized over several repeat units, and is associated with changes of the local
electronic structure as shown exemplary for p-doping in figure 2.2. In a traditional model
the HOMO and LUMO levels are shifted away from the valence and conduction band,
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into the band gap, resulting in additional absorption bands in the optical spectra of the
polymer.43 Very recently a revised set of models was proposed that reconsidered the
Coulomb interactions inside the doped semiconductor, which is thought to cause splitting
of the HOMO level.44–47 Thus, the remaining unpaired electron lies energetically below
the valence band edge, which is consistent with the prevailing observation that the IE of
p-doped semiconductors is increased. Although polaron formation is favoured, dications
(dianions), i.e. bipolarons, may form at high doping levels.
pristine
polaron (radical cation)
bipolaron (dication)
–e–
A–
A– A–
–e–
𝐸𝑔
CB
VB
traditional revised
Figure 2.2: Schematic for p-doping of polythiophene (left) and corresponding band
structure (right). Upon removal of an electron (e–) from the pristine polymer (top) a
polaron (middle) is formed; traditional model: HOMO and LUMO are shifted away from
band edges, revised model: HOMO level is split with remaining electron below the valence
band edge. At high doping levels bipolarons may form by removal of a second electron
(bottom). The electron acceptor acts as negative counterion (A–) to the positive charges.
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2.1.1 Dopant Molecules
A large variety of molecular p- and n-dopants (figure 2.3) featuring different chemical
structures, working mechanisms and purposes exist. This section will provide a brief
overview over different dopants and the specific ones used in this thesis.
F4TCNQF2TCNQ
F6TCNNQ
DDQ
FTS
Mo(tfd)3
N-DMBI
(2-cyc-DMBI)2TDAE
(RuCp*(mes))2
benzenesulfonic acids
BCF
Figure 2.3: Chemical structures of common p- and n-dopants. 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ), 2,5-difluoro-7,7,8,8-tetracyanoquinodimethane
(F2TCNQ), 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ),
1,3,4,5,7,8-hexafluoro-tetracyanonaphthoquinodimethane (F6TCNNQ), molybdenum
tris(1,2-bis(trifluoromethyl)ethane-1,2-dithiolene) (Mo(tfd)3), benzene sulfonic
acids, 4-(2,3-Dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-dimethylbenzenamine
(N-DMBI), (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (FTS), dimeric
ruthenium sandwich compound ((RuCp∗(mes))2), tetrakis(dimethylamino)ethylene
(TDAE), DMBI dimer ((2-cyc-DMBI)2), Tris(pentafluorophenyl)borane (BCF)
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p-Dopants
Early examples of redox doping of conjugated polymers are doping with iodine vapor
(I2)
2 or iron chloride (FeCl3)
48 solutions. Doping of stretch-aligned polyacetylene with
I2 was found to result in a very high electrical conductivity of 6× 105 S cm–1,49 but
unfortunately features a low stability.50 A particular focus in this thesis lies on doping
with strong electron acceptors based on quinone cores that feature high EAs such as
F4TCNQ (5.2 eV) and various other common analogues with either higher (e.g. F6TCNNQ,
5.3 eV51) or lower EA (e.g. DDQ, 4.6 eV52; F2TCNQ, 5.1 eV51). Examples of F4TCNQ
doped polymers include polyfluorenes,53,54 thiophene-based polymers, like P3HT55–61
and pBTTT,62–65 as well as DPP-based polymers.66,67 In particular doping of P3HT with
F4TCNQ, a model system for molecular doping, was covered by many recent studies that
investigated the doping mechanism,55–58,60,61,68 the effects of processing techniques69–73
and structure-property relationships.68,74–76
The interaction between redox dopants and conjugated polymers are described by either
integer charge transfer, that is the formation of an ion pair, or fractional charge transfer
by the formation of a charge transfer complex through hybridisation of the molecular
orbitals (figure 2.4). Fractional charge transfer requires thermal ionization to create charge
carriers, and is thus considered limiting for the electrical performance. Whether a charge
transfer complex or an ion pair is formed between a semiconductor and a dopant depends
on the overlap between molecular orbitals of the dopant and semiconductor,61,68,77–79
the charge distribution in the semiconductor80–82 and the dopant strength38,83 (refer to
chapter 4 for further discussion).
In case of P3HT and F4TCNQ ion pair formation is most commonly observed. However,
Jacobs et al. recently showed that the extent of charge transfer between P3HT and
F4TCNQ strongly depends on the crystalline structure of the doped conjugated polymer.
The authors reported a specific processing-dependent polymorph of F4TCNQ:P3HT that
11
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Figure 2.4: Formation of a charge transfer complex through fractional charge transfer
by intermolecular hybridisation between the semiconductor and the dopant (left) and
formation of an ion pair involving the transfer of an electron (e–) from the semiconductor
to the dopant (right); both cases for p-doping. Charge transfer complexes require thermal
ionisation in order to form charge carriers and hence lower carrier concentrations and
electrical conductivities are observed compared with ion pairs.
only exhibits partial charge transfer, which could be converted to integer charge transfer
by post-treatment with solvent.68 Mendez et al. showed that the oligomer quaterthiophene
(4T) with the same backbone as P3HT only results in fractional charge transfer, which
was ascribed to the different packing in F4TCNQ:4T charge transfer crystallites compared
with F4TCNQ-doped P3HT. Other examples of strongly oxidising charge transfer dopants
are soluble molybdenum dithiolene complexes84 that have been shown to dope P3HT,85,86
as well as benzo-dithiophene-87,88 and DPP-based polymers.89
An example for the protonation of polymers such as polythiophenes90,91 and polyaniline92
are strong organosulfuric acids, e.g. benzenesulfonic acids, or sulfonic acid groups in the
side chains of self-doped polymers.28,93,94 The doping ability of acids is correlated with
the strength of the acid and is thought to be further enhanced by an acid-mediated oxygen
doping mechanism.36,95,96 Acid doping is also achieved with a perfluorinated silane (FTS),
12
which proceeds through the hydrolysis of the silane and subsequent protonation of the
polymer.91 In case of PEDOT:PSS or PEDOT:TOS, which are of interest particularly
for organic thermoelectrics97,98 or organic bioelectronics,99 the polyacid poly(styrene
sulfonate) (PSS) or p-toluenesulfonic acid (TOS), counterbalance the charges in PEDOT
that is already synthesised in its oxidised form. A third type of dopant are Lewis acids such
as the borane dopant BCF, which was shown to dope P3HT100 and an indenopyrazine-
based polymer that cannot be doped by F4TCNQ.101
n-Dopants
Air-stable benzimidazole compounds like N-DMBI or N-DPBI are effective n-dopants
for conjugated polymers, like PPV-,102 NDI-,103,104 DPP-based polymers,105,106 the
ladder type polymer BBL107 and fullerenes.108,109 Doping with N-DMBI, which is used
as the n-dopant in this thesis, is thought to proceed through the transfer of a hydride
to the semiconductor, which may be followed by additional charge transfer events.108
More recently dimers of DMBI were demonstrated as efficient n-dopants, which instead
of hydride transfer work through dimer splitting into two radicals followed by electron
transfer.104,110,111 Other air-stable dimer dopants are based on organometallic sandwich
compounds like (RuCp∗(mes))2,112–114 able to n-dope e.g. DPP based polymers.115
N-doping can also be realized with the powerful reducing agent TDAE, used to reduce
PEDOT:TOS116 and to dope fullerenes,117,118 as well as NDI and ladder-type poly-
mers.107,119 A further example are amine functionalities like small molecular impurities
of the polymer poly(ethylene imine) (PEI),120,121 self-doped/self-compensated fullerene
derivatives,122 PDI derivatives123 and PPV-based polymers.124,125 Moreover, tertiary
ammonium salts were recently demonstrated as dopants for fullerene derivatives126 and
DPP polymers.41,42
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2.2 Dopant Processing Methods
solution co-processing sequential doping
dopant vapour
dopant solution
liquid
solid
blend
solution
dopant
molecule
Figure 2.5: Schematic of solution co-processing (left) and sequential doping by dopant
vapour (middle) and solution (right).
The choice of processing method is an important parameter which has a strong influence
on the efficiency of the doping process and the formation of the final nanostructure of a
doped polymer. In general, two processing schemes exist that permit doping of conjugated
polymers (figure 2.5). Solution co-processing is a simple one-step doping process, which
entails the dissolution of polymer and dopant in the same or compatible solvents, admixing
at appropriate proportions followed by removal of the solvent. Benefits, like the simplicity
and exact control over the amount of incorporated dopant, are often met with issues of
the processability due to dopant:polymer interactions leading to precipitation or phase-
separation during film formation. The result is often an unfavourable nanostructure, which
gives rise to only limited electrical performance, like in the case of P3HT co-processed with
F4TCNQ.57,69 To mitigate these problems the dopant can instead be applied through
sequential doping, i.e. by exposure of the solidified conjugated polymer to a solution
of the dopant in an orthogonal solvent,69,70,91 or dopant vapour.64,65,74 In fact, the
latter method was used by Shirakawa et al. in their seminal study of iodine vapour-
doped polyacetylene (cf. chapter 1).2 Sequential doping allows control over the polymer
nanostructure formation prior to the introduction of the dopant, which eliminates effects
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due to possible dopant:semiconductor interaction in solution.74,127 On the the other
hand, an additional processing step needs to be performed and dopant molecules have
to diffuse through the semiconductor, which can be a limiting factor for doping of thick
bulk structures.128 Thick bulk structures may also be achieved with sequential doping of
conjugated polymer foams.128
2.3 Importance of Molecular Doping for Organic Elec-
tronics
The concept of molecular doping is widely utilized. For instance, OLEDs and organic solar
cells contain interlayers, i.e. charge transporting, blocking or injection/extraction layers,
which are carefully tuned to achieve the desired type and density of charge carriers (n- or p-
type) or to match the energy levels of the active layers and electrodes in order to minimize
contact resistance and avoid injection barriers.129 Also the active, emissive layer in OLEDs
and the bulk-heterojunction layers in solar cells can benefit from molecular doping.130,131
In transistors doping can be used to passivate traps or to define the majority type of charge
carrier.31 Additionally, the contact layers in OFETs can benefit from doping and improve
charge injection and transport. Doping is also needed in the case of bulk materials, such
as conducting fibres and yarns for e.g. triboelectric or piezoelectric textiles.32 One topic
which currently attracts considerable interest is organic thermoelectrics for waste heat
recovery, low-temperature energy harvesting or point cooling/heating. The requirements
for the electrical conductivity of doped components differ depending on the specific use.
For example, trap-filling with minute amounts of dopants does not significantly modify
the electrical conductivity, but facilitates better transport of charges in e.g. transistors.
Instead, injection layers require an electrical conductivity that is as high as possible to
enable efficient contacts. Organic thermoelectric devices require both efficient n- and
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p-type materials (figure 2.6) and comprise a particular challenge because of a number of
interdependent parameters that need to be considered simultaneously.17,18,132 Therefore,
molecular doping of conjugated polymers will be discussed in more detail in the context
of organic thermoelectrics.
𝑻𝒄𝒐𝒍𝒅
𝑻𝒉𝒐𝒕
p-type n-type
h+ e-h+
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h+ e
-
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𝑅𝑙𝑜𝑎𝑑
Figure 2.6: Thermoelectric element comprising an n-type and a p-type leg, which are
connect thermally in parallel and electrically in series. The legs experience a temperature
gradient ΔT = Thot – Tcold resulting in the diffusion of charge carriers towards the cold
ends. Reproduced from reference 17 with permission from the Royal Society of Chemistry.
Conducting and semiconducting materials, which are exposed to a temperature gradient
(ΔT) will experience the Seebeck effect, i.e. the diffusion of charge carriers towards the cold
end resulting in a measurable electrical potential (ΔV) along the temperature gradient.
The Seebeck effect, which can be regarded as the entropy per charge carrier, is described
by the Seebeck coefficient, α = –ΔV/ΔT. The sign of the Seebeck coefficient denotes the
majority type of charge carrier, that is negative fore n-type and positive for p-type, and its
absolute value is desired to be as large as possible in order to maximize the voltage output.
At the same time the electrical conductivity (σ), given by the product of the elementary
charge (q), the charge carrier density (n) and mobility (μ), i.e. σ = qnμ, should be high to
minimize losses by joule heating. A third criterion is a low thermal conductivity (κ), which
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is required to maintain the temperature gradient and is comprised of contributions from
phonons and charge carriers. The electric contributions to the thermal conductivity is
often omitted for organic materials due to the low charge carrier concentrations in organic
semiconductors, and thus, their thermal conductivity is often considered as constant.
The thermoelectric figure of merit ZT, the key performance indicator for thermoelectric
materials at a given temperature T, links all three parameters:
ZT =
α2σ
κ
T (2.1)
If κ is unknown the thermoelectric power factor, i.e. α2σ, is commonly used to compare
materials instead.
Introduction of charge carriers by doping of a semiconductor, required to increase its
electrical conductivity, is unfortunately concomitant with a drop of the Seebeck coefficient.
Additionally, at high charge carrier concentrations the thermal conductivity will rise
due to its electronic component. Hence, the optimization requires a compromise between
the different parameters. In case of traditional inorganic thermoelectric materials this
is displayed in an optimal charge carrier concentration below and above which their
performance decreases. Instead, in conjugated polymers an optimum charge carrier
concentration has not yet been observed due to persistent low charge carrier concentrations
in organic materials.
A few examples of recent literature values for p- and n-type organic thermoelectric
materials based on conjugated polymers are listed in table 2.1. Currently, some of
the best performing p-type materials are based on highly oxidized PEDOT that was
post-treated to tune the oxidation level or to remove insulating PSS.116,133 For exam-
ple Bubnova et al. chose to carefully optimise the electrical conductivity and Seebeck
coefficient of PEDOT:Tos by dedoping with TDAE reaching a high power factor of
324 µWm–1K–2 and a thermoelectric figure of merit ZT of 0.25.116 Similarly high ther-
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moelectric performance was also achieved by dedoping with hydrazine134 or oxidation
with bis(trifluoromethylsulfonyl)imide.135
Table 2.1: Examples of thermoelectric p- and n-doped conjugated polymers (see figure 1.3
for polymer structures).
polymer dopant/counterion σ a α b α2σ c κ d ZT e ref.
PEDOT Tos + TDAE 70 215 324 0.37 0.25 [116]
pBTTT F4TCNQ 670 42 70 - - [65]
FBDPPV N-DMBI 6 -213 27 - - [106]
BBL TDAE 1.7 -60 0.6 - - [107]
a [S cm–1] b [µVK–1] c [µWm–1K–2] d [Wm–1K–1] e at r.t.
The thermoelectric properties of doped solution-processable conjugated polymers like
P3HT and pBTTT have also been studied intensively. Many recent studies focus on
increasing the electrical conductivity by understanding the impact of different dopants
and their processing methods63,91 as well as the impact of the semiconductor nanos-
tructure.65,75,136 For example, Glaudell et al. compared the electrical conductivities and
Seebeck coefficients of a set of conjugated polymers doped with F4TCNQ and FTS and
derived an empirical correlation,63 which in fact is now commonly used for assessing the
thermoelectric performance of doped conjugated polymers. Other studies have focused on
the chemical structure of the side chains to improve doping for thermoelectrics.28,51,137,138
For example the polymer PQTS12, a polythiophene with thioalkyl side chains was found
to exhibit a moderate Seebeck coefficient of ∼16 µVK–1 and a high electric conductivity
of ∼350 S cm–1 after doping with nitrosonium tetrafluoroborate (NOBF4).137 In another
study, sequential doping of pBTTT by F4TCNQ vapour permitted to study the effect of
the molecular order of the polymer. Highly ordered pBTTT films were found to exhibit
the highest electrical conductivity reaching 670 S cm–1 and a corresponding large Seebeck
coefficient of 42 µVK–1 resulting in a power factor of 70 µWm–1K–2.65 Other examples
include doping of semiconducting polymer blends139–141 or aligned polymer films,76,86
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which is a promising avenue to increase the electrical conductivity without sacrificing the
Seebeck coefficient.
Organic n-type materials are generally harder to realize as a result of the instability of their
n-doped state in ambient environment.142 Their performance continues to lag behind that
of p-type materials. However, recently high electrical conductivities and high thermoelectric
power factors for several doped n-type conjugated polymers were reported.42,106,143 An
early example includes the high-mobility n-type polymer p(NDI2OD-T2) doped with
N-DMBI, which can reach an electrical conductivity of 3× 10–3 S cm–1 despite strong
phase-separation inside dopant:semiconductor films.103 The same dopant was used to dope
the DPP-based polymer FBDPPV achieving a high electric conductivity of 6 S cm–1 with
a corresponing Seebeck coefficient of –213 µVK–1 and a record-high thermoelectric power
factor for organic n-type materials of 27 µWm–1K–2.106 Another example is the ladder-
type polymer BBL that doped with TDAE vapour reached an electrical conductivity
of 1.7 S cm–1.107 Excitingly, n-doping of the thionated NDI thiophene copolymer 2S-
trans-PNDIT2 with N-DPBI results in an air-stable n-doped state as a result of the
low EA of the polymer as reported by Nava et al.144 The n-doped polymer displayed a
conductivity of 6× 10–3 S cm–1 and a Seebeck coefficient of –90 µVK–1. Air-stability of
n-doped conjugated polymers will be further discussed in chapter 5.2.
Overall, some major challenges for efficient doping of conjugated polymers remain. For
both p- and n-doped conjugated polymers ways to decrease the required volume fraction
of dopant are needed to allow preservation of the semiconductor nanostructure after
doping. Further, the thermal stability of the doped state needs to be improved especially
in the context of organic thermoelectrics, where elevated temperatures up to 200 ◦C may
be reached. The air-stability of n-doping requires additional attention, in order to realise
durable thermoelectric modules comprising both p- and n-type legs.
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2.4 Aims of the Thesis
This thesis aims to investigate the following research questions:
• Can the processability/miscibility of conjugated polymers and molecular dopants be
improved by blending with more polar insulator polymers or exchange of aliphatic
with polar side chains? (chapter 3)
• Can the efficiency of molecular p-doping be improved lowering the ionisation energy
of conjugated polymers? (chapter 4)
• How is the thermal stability of p-doped and the air stability of n-doped conjugated
polymers affected by polar side chains? (chapter 5)
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3 Compatibility & Solubility
Conjugated polymers are promising materials for high-throughput solution printing and
coating techniques, which can enable low-cost flexible electronics. Organic devices, such
as solar cells and transistors, consist of layers that need to be applied in individual
processing steps. One way that is widely used to achieve doped layers for e.g. OLEDs
is co-evaporation of semiconductors and dopants, which is, however, limited to small
molecular semiconductors due to the inability of polymers to evaporate. Thus, to realize
layers of doped conjugated polymers in a single step, semiconductors and molecular
dopants must be processed from the same solution. However, several issues with co-
processing persist, such as the lack of co-solvents,52,138 agglomeration of semiconductor
and dopant in solution69,70,145 and the impact of the molecular dopant on the polymer
nanostructure that forms during solidification, which is known to influence the electrical
performance.57,88,103 Sequential doping, by diffusion of the dopant into the previously
solidified semiconductor (chapter 2.2), is one avenue to avoid co-processing, but would
add an additional processing step and is not suitable for bulk structures that are needed
for e.g. thermoelectrics.
Ways that mitigate processing issues and reduce the required amount of dopant are highly
desired. One often encountered challenge is the poor compatibility between typically non-
polar conjugated polymers and polar molecular dopants. For example, P3HT and F4TCNQ
are known to aggregate when co-processed from chlorinated solvents due to the formation of
an insoluble ion pair, which can be dissociated by heating of the solution.60 Unfortunately,
films prepared at elevated temperatures display reduced electrical performance caused by
domains of unreacted dopant molecules that interrupt the semiconductor nanostructure.
Consequently, a low electrical conductivity of typically not more than 1 S cm–1 is measured
for films of P3HT or pBTTT co-processed with F4TCNQ.57,60,63 Likewise, films of
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p(NDI2OD-T2) co-processed with the n-dopant N-DMBI display a low ionisation efficiency,
i.e. the ratio of charges created per dopant molecule (cf. chapter 4 for details on ionisation
efficiency), and suffer from gross phase-separation of unreacted dopant, which displays a
low degree of miscibility with the host semiconductor.103 As a result, for n-doped NDI-
based polymers the electrical conductivity tends to be less than ∼0.1 S cm–1.146
This chapter will cover several approaches towards enhancing the compatibility and
solubility of dopant/semiconductor systems. Firstly, I will investigate ternary blends
of P3HT, F4TCNQ and several insulator polymer as an avenue to realize conducting
bulk structures. Then, I will examine doping of conjugated polymers bearing polar side
chains that are thought to enhance their compatibility with molecular dopants. A third
concept that is covered is the addition of solubilizing (alkyl) chains to molecular dopants
to increase their solubility.
3.1 Blending with Polar Insulating Polymers
Blending of polymers is an established method to combine different properties in one mate-
rial. It is for example commonly used to adjust the mechanical and rheological properties.
Blends comprising conjugated and commodity polymers are of interest for the realisation
of cost-efficient bulk structures and can enhance device and material performance for e.g.
OFETs,102,147,148 organic solar cells149,150 and organic thermoelectric generators.151,152
A primary focus is often a good device performance at low semiconductor content, which
is commonly achieved by cautiously chosen processing techniques. For example, careful
crystallisation of the semiconductor before the semi-crystalline insulator polymer can
result in superior device performance.148,149 In case of amorphous matrix polymers con-
trolled formation of nano-wires152,153 or suppression of phase separation by rapid solvent
removal can be used.154 Commodity polymers with a moderate polarity are thought to
provide improved compatibility with molecular dopants and the dopant:semiconductor
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ion pair. I explored the use of the insulating polymers poly(ethylene oxide) (PEO) and
poly(L-lactic acid) (PLLA) (figure 3.1) for ternary blends with P3HT and F4TCNQ
(paper I). Both PLLA and PEO are relatively polar. PEO has previously been blended
with P3HT, which aids the choice of processing schemes to control the nanostructure of
blends.155,156 Additionally, PEO and its shorter oligomers are known to have favourable
interactions with ionic species157 used for example as solid polyelectrolytes for Li-ion
batteries.158 The non-polar polymer PE is added to the analysis to test the importance
of dipoles in the insulating polymers.
PEO PLLA PE
Figure 3.1: Chemical structures of the insulating polymers poly(ethylene oxide) (PEO),
poly(L-lactic acid) (PLLA) and polyethylene (PE).
My initial work focused on finding a suitable processing scheme to realize ternary blends
with PEO. Preparation of P3HT:PEO films drop-cast from ODCB:CB, followed by
sequential doping with F4TCNQ in DCM as well as admixing of all three components and
subsequent drop-casting at room temperature resulted in inhomogeneous films or strong
vertical phase separation. Instead, solution co-processing at an elevated temperature of
110 ◦C allowed the preparation of visually homogeneous and several micrometer thick
ternary blend films. Ternary blends with PLLA and PE were prepared in a similar fashion
using a solution/casting temperature of 120 ◦C and the solvents ODCB and p-xylene,
respectively.
The blend microstructures of F4TCNQ:P3HT at a molar ratio of 15mol% with PEO,
PLLA and PE were investigated by optical microscopy (figure 3.2). Optical micrographs
of all blends reveal darker areas as a result of phase-separation. PLLA-blends display
a coarse microstructure with large islands between 10 and 50 µm in size ascribed to
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F4TCNQ:P3HT:PEO F4TCNQ:P3HT:PLLA F4TCNQ:P3HT:PE
50 mm 50 mm 50 mm
Figure 3.2: Optical micrographs of drop-cast films of F4TCNQ:P3HT (15mol%) with
PEO (left), PLLA (middle) and PE (right); weight ratio of conjugated / insulator polymer
is 1:9.
F4TCNQ:P3HT and more transparent areas with PEO in between. Instead, blends with
PEO feature a much finer microstructure with overlapping domains smaller than 10 µm,
which is likely responsible for the higher electrical conductivity compared with PLLA
(cf. figure 3.3). The different microstructures may be explained by the polarity of the
matrix polymers. PEO should offer a good compromise in terms of compatibility with
both P3HT and more polar F4TCNQ. In case of blends with PE intense vertical phase
separation of F4TCNQ:P3HT aggregates is noted. This observation is explained with the
non-polar character of PE prohibiting mixing with charged F4TCNQ:P3HT. Hence, I
chose to focus the my analysis on blends with PEO.
I prepared films with different F4TCNQ molar fractions at a constant P3HT:PEO ratio
of 1:9 and recorded their electrical conductivity (figure 3.3a). For details on electrical
measurements of films refer to paper I. With increasing F4TCNQ fractions the electrical
conductivity increases steadily up to a molar fraction of 20mol%, where the conductivity
levels off. A similar trend at an about one order of magnitude lower electrical conductivity
is observed for P3HT:PLLA blends for the same range of compositions. The conductivity of
neat F4TCNQ:P3HT is known to drastically decrease above 17mol% due to excess doping
in the conducting phase.57 In case of the investigated ternary blends the conductivity
remains nearly unchanged indicating that excess F4TCNQ is taken up by the insulator
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Figure 3.3: Electrical conductivity of P3HT:PEO (1:9, blue) and P3HT:PLLA (1:9,
red) at increasing F4TCNQ molar dopant fractions (a); electrical conductivity of
F4TCNQ:P3HT:PEO blends with increasing F4TCNQ:P3HT fraction at 5 and 20 mol%
(b). Dashed lines are a guide to the eye.
phase instead. This is consistent with the observation that F4TCNQ can diffuse into PEO
(paper I, SI figure 5).
To investigate the influence of the weight fraction of insulator polymer on the electrical
properties, I cast films with different PEO fractions. The F4TCNQ molar fraction in these
samples were kept constant at 5mol% and 20mol% relative to the P3HT content and are
referred to as weakly and and strongly doped samples. Weakly and strongly doped samples
display markedly different behaviours (figure 3.3b). A steady increase of the electrical
conductivity of weakly doped blends by several orders of magnitude is observed with
decreasing PEO content. Instead, for strongly doped blends the electrical conductivity
raises sharply by about four orders of magnitude with increasing F4TCNQ:P3HT content
below 20wt% and reaches a maximum at about 40wt%. The observed impact of the
PEO content on the electrical conductivity can be explained with double percolation
of F4TCNQ:P3HT rich domains in a PEO rich matrix that contains a fraction of more
finely dispersed doped P3HT as indicated by current-sensing atomic force microcopy
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undertaken by Andre´s Gómez at ICMAB. Further, the addition of PEO slightly increased
the ionisation efficiency for strongly doped blends.
p(g42T-T)P3HT + PEO P3HT-b-PEO
+
Figure 3.4: Proposed ways to mitigate issues with the compatibility between conjugated
polymers and dopant. Left: Blends of P3HT and PEO, Middle: Co-polymers with P3HT
and PEO blocks, Right: Polythiophene with oligoethylene glycol side chains.
Ternary blending of F4TCNQ:P3HT:PEO is deemed to not significantly enhance the
processability of the doped conjugated polymer since processing still requires elevated
temperatures. Further, undesired microscopically phase-separation occurs. However, the
comparison between PEO, PLLA and PE implies a relatively high miscibility of PEO with
F4TCNQ:P3HT, meaning that several other approaches employing polar polyethylene
oxide/glycol structures may hold promise (figure 3.4). Uncontrolled phase separation may
be overcome with block co-polymers, which offer control over microscopic phase separation
by varying the length and interaction of the different blocks.159 Co-polymers comprising
P3HT and polar PEO blocks have been reported previously160,161 and are expected
to offer good miscibility with polar dopant molecules. Additionally, block co-polymers
may be a tool to reduce the interfacial tension between the phases in P3HT:PEO blends
for bulk structures.162 Replacing the non-polar alkyl side chains in P3HT with polar
ethylene glycol side chains is proposed as a second avenue to directly increase the polarity
along the conjugated backbone. Polar side chains are expected to facilitate enhanced
solubility of the polythiophene in polar organic solvents and aid the stability of the doped
polymer against precipitation in the processing solvent. This approach will be covered in
the following section.
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3.2 Conjugated Polymers with Polar Side Chains
Although most soluble conjugated polymers bear non-polar aliphatic side chains, synthetic
design of side chains offers a unique toolbox to tune their chemical and physical properties
and enhance the performance of organic electronic devices.163 For instance, polar side
chains, such as oligoethylene glycol chains, promote the influx of ions for redox reactions
inside of conjugated polymer films for, e.g. OECTs164–166 and organic batteries,167,168
due to favourable polar interactions. This type of side chain has also been suggested for
chemical sensors,169 and solar cells.170 Since molecular doping entails the use of polar
dopant molecules and the formation of charged species, I expect oligoethylene glycol
side chains to greatly enhance molecular doping. In fact, Li et al. reported stronger
interaction of both neutral and charged F4TCNQ with an oligoethylene glycol / sulfonic
acid substituted polythiophene compared with P3HT, but only found a low electrical
conductivity of 10–1 S cm–1.171
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Figure 3.5: Chemical structures of conjugated polymers with polar oligoethylene glycol
side chains that I used in this thesis.
A polythiophene, p(g42T-T), and a polythienothiophene, p(g42T-TT), with tetraethylene
glycol side chains (figure 3.5), synthesised by Dominik Stegerer and Dr. Renee Kroon at
Chalmers, were chosen as p-type polymers together with the dopant F4TCNQ. Despite a
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tendency for p(g42T-T) to aggregate, the polar side chain enabled processing from more
polar solvents and solvent mixtures suitable also for F4TCNQ. Note that in order to allow
fair comparison with P3HT the dopant molar fraction for doping of p(g42T-T) is given
per thiophene unit, i.e. Mrepeat unit/3, whereas for all other polymers it is given relative
to the polymer repeat unit. A markedly different appearance between doped P3HT and
p(g42T-T) was noted (figure 3.6). Doping of P3HT resulted in conspicuous precipitation
in the form of black particles. Instead, F4TCNQ-doped p(g42T-T) only exhibited slight
coagulation, which could be mitigated by dilution, but appeared precipitate-free even
after addition of as much as 10mol% F4TCNQ. The formidable solution processability of
p(g42T-T) with F4TCNQ, which is ascribed to solvation of the doped polymer by polar
side chains, allowed spin-coating of homogeneous thin films at room temperature.
P3HT
2 mol%
F4TCNQ
CHCl3
p(g42T-T)
2 mol%
F4TCNQ
CHCl3:CH3CN
(1:1)
5 mm
Figure 3.6: Photographs of p(g42T-T) (left) and P3HT (right) doped with 2 mol%
F4TCNQ at a polymer concentration of 0.2 g L–1.
I used grazing-incidence wide-angle scattering (GIWAXS) to investigate the texture of
ordered domains in p(g42T-T) doped with F4TCNQ as well as neat F4TCNQ embedded in
an amorphous polystyrene (PS) matrix (figure 3.7). For neat F4TCNQ a single scattering
peak at ∼7.7 nm–1 is noted, which has also been observed for high F4TCNQ loadings in
P3HT57. In case of p(g42T-T) a scattering peak at this position is not present even for
high dopant concentrations of 20mol%. This suggests that excess dopant is molecularly
dispersed in the polymer film, which I assign to the favourable interactions with the polar
side chains.
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Figure 3.7: GIWAXS detector images recorded at Cornell High Energy Synchroton Source
(CHESS) for thin films of neat p(g42T-T) (a), F4TCNQ embedded in an amorphous PS
matrix (b), p(g42T-T) doped with 10 (c) and 20 mol% (d).
A further indication for the solubilizing effect of the side chains is a stable electrical
conductivity above a molar fraction of 10mol%, where the maximum electrical conductivity
of up to 100 S cm–1 is reached (cf. figure 3.10). I hypothesise that excess dopant forms
relatively finely dispersed aggregates with minimal impact on the polymer nanostructure.
Instead, for co-processed F4TCNQ:P3HT films, which also require a higher dopant molar
fraction of at least 17mol% to reach a significantly lower maximum conductivity, a sharp
drop of the conductivity due to dopant aggregates that interrupt the semiconductor
nanostructure is observed.57
To test if polar side chains can also aid n-doping, a polymer featuring the identical
conjugated backbone as p(NDI2OD-T2), but with oligoethylene glycol-based side chains
on both the NDI acceptor and the bithiophene donor was selected (figure 3.5) and
doped with N-DMBI. The dopant is known for its tendency to aggregate when used
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in combination with e.g. PCBM172 and p(NDI2OD-T2).103 Atomic force microcopy
undertaken by Dr. Anna Hofmann at Chalmers was employed to compare the surface
morphology of thin films (figure 3.8) and revealed that dopant aggregation is largely
suppressed up to a dopant molar fraction of 20mol%. Instead, Schlitz et al. report the
appearance of a significant concentration of aggregates at already 9mol% dopant in
p(NDI2OD-T2). The improved miscibility is also supported by another independent
report of a similar NDI-based co-polymer doped with the same dopant.173
20 mol%
pristinea 10 mol%
30 mol%
b
c d
1 mm
15.0 
nm
-15.0
nm
Figure 3.8: AFM height images of pristine p(gNDI-gT2) (a) and doped with 10 (b), 20
(c) and 30 mol% N-DMBI (d).
Furthermore, a high charge carrier density of ∼1019 cm–3 was estimated by both modelling
of the temperature-dependent conductivity by Prof. L.J. Anton Koster’s group at the
University of Groningen and quantitative electron paramagnetic resonance (EPR) spec-
troscopy by Dr. Till Biskup at Freiburg University (paper II, figure 3). Previous reports
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of p(NDI2OD-T2) deduced a very low ionisation efficiency of only ∼1%, whereas for
p(gNDI-gT2) doped with 20mol% N-DMBI an at least ten times higher doping efficiency
of ∼13% can be obtained. Since doping with N-DMBI is thought to entail the transfer of a
hydride instead of simple charge transfer,108 it is unlikely that the higher doping efficiency
is a result of the slightly different EAs of the two polymers, i.e. 4.1 eV for p(gND-gT2)166
and 4.0 eV for p(NDI2OD-T2).174 Instead, increased ionisation efficiency is assumed to
be a result of the better miscibility of dopant and conjugated polymer. Similarly, an
enhanced ionisation efficiency of a PCBM derivative carrying an oligoethylene glycol
side chain doped with N-DMBI has been reported by Liu et al., which compared with
PCBM reached a more than two orders of magnitude higher electrical conductivity of
2 S cm–1.175,176
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Figure 3.9: Electrical conductivity (a) and Seebeck coefficient (b) of p(gNDI-gT2) (blue)
and p(NDI2OD-T2) doped with various concentrations of N-DMBI. Electrical properties
were undertaken by Dr. Hengda Sun, Linko¨ping University, and myself.
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The high charge carrier concentration is further corroborated by measurements of the
Seebeck coefficient and the electrical conductivity of thin spin-coated films. (figure 3.9).
For dopant molar fractions between 20 and 30mol% p(gNDI-gT2) exhibits a three to
five times lower Seebeck coefficient compared with p(NDI2OD-T2) as a consequence
of the higher charge carrier density. Further, a significantly higher maximum electrical
conductivity of 0.3 S cm–1 is obtained for doping with 20mol% N-DMBI, whereas for
doping of p(NDI2OD-T2) the conductivity remains below 10–3 S cm–1 for all dopant molar
fractions. Addition of more N-DMBI to p(gNDI-gT2) leads to a rapid decrease of the
electrical conductivity, which can be explained by interruption of the nanostructure as
indicated by excess dopant domains on top of the films.
I argue that polar side chains are a universal tool to enhance p- and n-doping of conju-
gated polymers since they improve the compatibility with molecular dopants. Different
conjugated backbone designs, such as DPP-based conjugated polymers that exhibit higher
charge carrier mobilities,177 in combination with polar side chains may lead to further
improved the electrical conductivities. The dopant:semiconductor interactions could be
further influenced by other polar structures, such as amine, alcohol or ester functionalities.
However, these functionalities could suffer from strong interactions with dopants or the
polymer backbone.
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3.3 Dopant Molecules with Side Chains
Another logical approach to enhance doping of conjugated polymers is to adjust the
chemical structure of the molecular dopant instead of the conjugated polymer. Much
synthetic effort has been dedicated to adjusting the energy levels or mechanism of
dopants,67,104,112,145,178–180 but surprisingly only few studies focus on increasing the
solubility of molecular dopants. For example Qui et al. modified the n-dopant N-DMBI
by the addition of an oligoethylene glycol side chain in order to increase the miscibility of
the dopant with a PCBM derivative that bears the same side chain. This allowed to half
the required doping fraction from 40 to 20mol% while reaching a maximum electrical
conductivity of almost 2 S cm–1.181 The p-dopant F4TCNQ has been used as a parent
molecule by sacrificing either one or more fluorine179 or cyano groups52 to add different
functionalities that are thought to improve dopant processability. Li et al. showed that
the solubility in chloroform was significantly increased by replacement of one cyano group
with a methyl ester or an octyl ester, which only resulted in a slight reduction of the EA
(0.1 – 0.2 eV) of the dopants compared with F4TCNQ. In doping experiments with P3HT
the two mono-substituted dopants, F4MCTCNQ and F4OCTCNQ (figure 3.10; top),
showed a promising high electrical conductivity at lower dopant molar fractions, which
was attributed to a higher ionisation efficiency.52 Furthermore, F4MCTCNQ proved to
have a much lower diffusion coefficient compared with F4TCNQ, which was used for
microscopic patterning by a doping-induced solubility control mechanism.73,182
I measured the electrical conductivity of thin spin-coated films of p(g42T-T) co-processed
with F4MCTCNQ and F4OCTCNQ (supplied by Prof. Mark Mascal, University of
California, Davis) from a 1:1 mixture of chloroform/acetonirile and compared them with
films doped with F4TCNQ (figure 3.10; bottom). Doping with both dopants results in
an electrical conductivity between 5 and 9 S cm–1 at 10mol%, which for F4MCTCNQ
increases to 60 to 70 S cm–1 for molar dopant fractions of 15 and 20mol%. Instead,
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Figure 3.10: Chemical structures of dopants (top) and electrical conductivity of p(g42T-T)
doped with F4TCNQ, F4MCTCNQ and F4OCTCNQ (bottom).
F4MCTCNQ doped films feature a lower electrical conductivity of up to 20 S cm–1 for
similar molar fractions. Hence, doping with F4OCTCNQ can reach comparably high
electrical conductivities like F4TCNQ in p(g42T-T), whereas doping with F4MCTCNQ
leads to a slightly lower electrical performance. The effect of the higher solubility of
dopants in chloroform, probably accountable for more efficient doping of P3HT,52 is likely
to be less important in case of p(g42T-T) since the used solvent mixture (CHCl3:CH3CN,
1:1) also allows dissolution of F4TCNQ at high concentrations. The higher conductivity
reached when doped with F4OCTCNQ compared with F4MCTCNQ suggests that its
longer aliphatic chain does not affect the miscibility with the polar polythiophene. A more
adapted system could be developed by replacing the alkyl side chains with oligoethylene
glycol chain, thereby matching the polarity of both components, as shown for n-type
doping of PCBM.181
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4 Energetics of Molecular Doping
As introduced in chapter 2 organic semiconductors undergo charge transfer with redox
dopants, such as F4TCNQ. The extent of this charge transfer depends on a variety of
factors, which are material- and nano-/microstructure-dependent. Currently there is no
universal picture that can explain in which cases partial or complete charge transfer
occurs.37 Partial charge transfer is unfavoured since it requires thermal ionisation of
the charge transfer complex to form charge carriers.38 Instead, complete charge transfer
directly leads to the formation of ion pairs that can dissociate to form free charge carriers,
i.e. cations in the case of p-doping (cf. section 4.1.2).183 FTIR is a powerful tool to probe
the extent of charge transfer for doping reactions that involve F4TCNQ. The shift of the
cyano (CN) stretch vibrations compared with the neutral dopant indicates the degree of
charge transfer.61
One important factor is the difference between the IE and EA of the donor and acceptor
and it is often stated that for the formation of an ion pair the IE of the donor must be less
than the EA of the acceptor (IE < EA). In some cases, however, complete charge transfer
was observed even though the EA of the acceptor was below the IE of the donor.52,65,184
Experimental values of IE and EA only provide a limited description since the local IE/EA
can be very different due to the close proximity of the ionized dopant and semiconductor.
A more complete relation between the extent of charge transfer (δ), the EA and IE as well
as the electrostatic (Coulomb) interactions can be taken from the field of charge-transfer
salts, where the energy difference between IE and EA is amended with the Madelung
energy:46
E(δ) = (IE – EA)δ – ke
q2
r
δ2 (4.1)
where q is the elementary charge, r the distance between hole and electron ke the Coulomb
constant, which is defined as ke = 1/4piε0.37,185 To account for the specific dielectric
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environment the vacuum dielectric constant ε0 should replaced with the absolute dielectric
constant for a certain material ε (cf. section 4.2).
The relation in equation 4.1 suggests that ion pair formation, i.e. δ = 1, is favoured for a
large offset between IE an EA (IE << EA), which could be achieved by lowering the IE of
the donor or increasing the EA of the acceptor. For example, in case of p-doping, stronger
dopants (compared with F4TCNQ) have been used to dope polymers that feature a higher
IE, such as DPP-based polymers,67,186 but are limited due to their high reactivity leading
to a low stability. The IE of conjugated polymers can be lowered through increasing
their electron density by substitution with electron donating moieties. This is the case
for both p(g42T-T) and p(g42T-TT), which feature an oxygen atom directly attached
to their backbone resulting in decreased IEs of ∼4.6 and ∼4.5 eV compared with their
analogues P3HT (∼5.0 eV) and pBTTT (∼5.2 eV). In the following section the impact of
this lower IE on molecular doping with F4TCNQ and DDQ will be described, followed by
a discussion on the above-mentioned effects of electrostatic interactions and the influence
of the dielectric environment.
4.1 Energy Level Offset
4.1.1 Weaker Dopants
The prototypical p-type conjugated polymer regio-regular P3HT is readily doped by
F4TCNQ as discussed previously. The suitable offset between the IE of P3HT and the
EA of F4TCNQ typically facilitates integer electron transfer from P3HT to F4TCNQ,61
with the exception of one recently reported polymorph that only undergoes partial charge
transfer (cf. section 2.1.1).68 Doping of P3HT with weaker electron acceptors such as
DDQ187,188 is disfavoured.70,189,190 This is because of its lower EA of ∼4.6 eV70,191
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compared with F4TCNQ, which presents a significant mismatch with the IE of P3HT
(figure 4.1).
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Figure 4.1: The decreased ionization energy of p(g42T-T) compared with P3HT allows
effective doping with significantly weaker dopants, such as DDQ.
I investigated doping of p(g42T-T) with DDQ by measuring the electrical conductivity
and optical spectra of thin spin-coated films (figure 4.2). Co-processed films exhibit an
electrical conductivity of ∼0.1 S cm–1 for a dopant molar fraction of 5mol%, together with
reduced optical absorption of the polymer around 2.0 eV and the appearance of polaronic
features below 1.4 eV. Upon further doping the conductivity increases by about three
orders of magnitude to a high maximum value of 50 S cm–1 at 15mol%. Interestingly,
features in the optical spectra of the DDQ-doped polymer for 10 and 15mol% between
2.0 and 2.5 eV (grey circle) match the reported spectra of the DDQ anion192 and may
suggest full charge transfer. However, they overlap with the absorption of the neutral
polymer and the absorption intensity above 2.5 eV increases simultaneously, which could
indicate both neutral and anionic DDQ. Therefore, a conclusive interpretation of the
charge transfer characteristics between p(g42T-T) and DDQ based on UV-vis absorption
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is not possible. Nevertheless, electrical conductivities are comparable to doping with
F4TCNQ and demonstrate the high degree of doping with the weaker dopant DDQ. This
is explained by the low IE of p(g42T-T), which should favour ion pair formation with
DDQ. Note, that full and partial charge transfer may coexist, similar to reports for P3HT
and F4TCNQ.193
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Figure 4.2: Electrical conductivity of p(g42T-T) doped with F4TCNQ (blue) and DDQ
(red) (a); thin film optical absorption spectra of neat p(g42T-T) and doped with 5, 10
and 15mol% DDQ. Dashed line is a guide to the eye.
4.1.2 Double Doping
Charge carriers created by ion pair formation (or thermal ionisation of a charge transfer
complex) must dissociate in order to contribute to conductivity (here exemplified for
p-doping):194
D+DA
(i)−−⇀↽− D+
[
D+δA–δ
] (ii)−−⇀↽− D+ +DA– (4.2)
During the ionisation step (i) an electron is transferred from a donor molecule D (the
macron indicates vicinity to the acceptor) to an acceptor molecule A. The result is a charge
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transfer complex
[
D+δA–δ
]
where 0 ĺ δ ĺ 1 denotes the degree of charge transfer. In case
of full charge transfer a cation D+ and an anion A– form and remain coulombically bound
to each other. During the second step (ii) dissociation of the charge transfer complex leads
to a cation D+ located at a site that is sufficiently far away from the anion to minimize
any Coulomb interaction with the ’parent’ donor. Note that especially at high dopant
concentrations this site may be close to one or more anions. The final state (D+) is to be
thought of as a hole charge carrier that participates in transport. Both steps are reversible
and at equilibrium the ionisation efficiency is given by ηion = Σδ=1δNA–δ/NA × 100%,
where NA–δ is the number of anions with charge –δ and NA is the total number of acceptor
molecules. At low doping concentrations, where a hole can escape the Coulomb capture
radius of its parent donor without being captured by another ion, leading to the formation
of a free charge carrier, a dissociation efficiency ηdiss = ND+/NA × 100% can be defined,
where ND+ is the number of hole charge carriers. However, in the view of the fundamental
equivalence of dopant molecules at high dopant concentrations > 1mol% it is problematic
to define a dissociation efficiency since there are no sites that are not within the Coulomb
capture radius of, or even adjacent to, an ion.195,196 The term doping efficiency, which is
often found in the literature, is not clearly defined in this context and has been used to
describe both the ionisation and dissociation efficiency.
Low ionisation efficiencies, far below the current theoretical limit of one charge per
dopant, i.e. ηion < 100%, require the addition of large amounts of dopants to achieve
the desired electrical conductivity. In turn, this has detrimental consequences for the
nanostructure of the semiconductor further limiting the electronic performance. One
powerful avenue to avoid these complications would be to achieve the transfer of more
than one charge per dopant molecule. In fact, the molecular dopant F4TCNQ can function
as a two electron acceptor, by the formation of dianions in charge-transfer salts197–199 and
through photogeneration in single crystals.200,201 However, presently doping of conjugated
polymers with F4TCNQ only focuses on the transfer of a single electron to form F4TCNQ
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anions. A double charge transfer from F4TCNQ to a conjugated polymer and hence the
formation of dianions should give rise to a maximum achievable ionisation efficiency of
ηion = 200% and a significant reduction of the necessary dopant fraction.
In paper IV we report the formation of F4TCNQ dianions in the conjugated polymer
p(g42T-TT). Double doping is shown to be facilitated because of the low IE of p(g42T-TT),
significantly below the EA0 ∼5.2 eV of neutral F4TCNQ as well as the EA- ∼4.7 eV of
the F4TCNQ anion (figure 4.3).
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Figure 4.3: A single F4TCNQ molecule can accept two electrons from conjugated polymers
if the offset between IE of the polymer is similar to the EA- of the dopant anion. Energy
levels IE and EA0/- were determined by cyclic voltammetry undertaken by Dr. Anna
Hofmann at Chalmers.
To allow qualitative and quantitative analysis of present F4TCNQ species the mono- and
di-litium salts of F4TCNQ (Li+F4TCNQ – and 2Li+F4TCNQ2–) were synthesised by Dr.
Renee Kroon at Chalmers according to an adapted literature procedure.197 These, as
well as neutral F4TCNQ, were dissolved in acetonitrile and UV-vis and FTIR spectra
were recorded (figure 4.4 and paper IV, SI figure 3). The spectra can be used to estimate
the number of neat, anionic and dianionic F4TCNQ (cf. paper IV).
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Figure 4.4: Chemical structures (a), UV-vis spectra (b) and FTIR spectra of CN-vibration
(c) of neutral, anionic and dianionic F4TCNQ.
UV-vis absorption spectra and FTIR absorption of the CN-stretch vibration confirm
the formation of F4TCNQ dianions in p(g42T-TT) (paper IV, figure 1). The number of
F4TCNQ molecules in solution and films that have reacted with p(g42T-TT) to become
anions and dianions was estimated by least-square fitting of the UV-vis absorption spectra
between 2.5 and 4.0 eV (figure 4.5). In this region the spectra were deconvoluted with the
absorption coefficients of neutral, anionic and dianionic F4TCNQ as well as a Gaussian
centered at 2.4 eV and a ’baseline’ (the two latter are thought to represent contributions
from the amorphous polymer). Fits of spectra taken of liquid samples achieve the best
description of the experimental data, whereas broadening of the spectral features and peak
shifts in solid film samples complicate fitting, which results in somewhat lower conformity
of the fits and experimental data.
The fractions of neat, anionic and dianionic F4TCNQ in p(g42T-TT) strongly depend on
the absolute number of F4TCNQ molecules in the conjugated polymer (figure 4.7). For a
molar fraction of 10mol% F4TCNQ and below all F4TCNQ molecules undergo charge
transfer with p(g42T-TT) with more than 90% being present as dianions resulting in
a high ionisation efficiency ηion of over 190%. FTIR spectra were used to confirm the
relative amounts of F4TCNQ anions and dianions (cf. paper IV, figure 3). The nearly
unchanged absolute F4TCNQ dianion concentration from 10 to 40mol% F4TCNQ is
explained with the relatively high polaron density of one charge per approximately five
polymer repeat units at 10mol%. The lack of sufficiently undoped regions in the polymer
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Figure 4.5: Least square fits to the solution (a) and film (b) absorption spectra of p(g42T-
TT) doped with 10 mol% F4TCNQ using the extinction coefficients of F4TCNQ, its anion
and dianion and a Gaussian in the region, where the polymer absorbs.
is thought to allow formation of additional anions leading to an increased polaron density
until 30mol%, but to prohibit further dianion formation.
In paper II a similar fitting procedure was used to estimate the concentrations of neat
F4TCNQ and its anions in p(g42T-T) (paper II, figure 3), but neglected dianions since
their presence was not anticipated at the time this paper was written. However, UV-vis
and FTIR spectra (paper II, figure 2 and 3) indicate F4TCNQ dianions and, hence, the
data was revisited and fitted according to the procedure above (figure 4.6). For molar
dopant fractions of 5mol% (per repeat unit) and below a high concentrations of dianions
between 60 and 80% is estimated. Higher dopant fractions are associated with a strong
decrease of the dianion concentration below 10% (cf. ionisation efficiency, figure 4.8). Note
that, paper II already mentions the low fit accuracy for samples with ĺ5mol% dopant.
Nevertheless, previous analysis qualitatively agrees with the new interpretation for higher
dopant fractions.
Interestingly, the ionisation efficiency found for p(g42T-TT) doped with F4TCNQ is
consistently higher than for p(g42T-T) and drops for a much lower F4TCNQ molar fraction.
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The higher tendency of p(g42T-TT) to form F4TCNQ dianions/anions is tentatively
ascribed to the slightly lower IE of ∼4.5 eV compared with p(g42T-T) (∼4.6 eV). However,
other possible reasons may include structural effects as indicated by different GIWAXS
textures of the doped polymers (cf. figure 3.7 and paper IV, SI figure 15) and increased
charge delocalisation in p(g42T-TT) due to higher backbone planarity in analogy with
P3HT/pBTTT.29,202
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Figure 4.6: Least square fits to the film absorption spectra of p(g42T-T) doped with
F4TCNQ at dopant molar fractions per thiophene ranging from 2.5 to 15mol%. F4TCNQ
molar fractions in brackets are calculated versus the polymer repeat unit.
To further probe F4TCNQ dianion formation p(g42T-TT) was doped directly with
Li+F4TCNQ –. FTIR intensities of the CN vibrations of anions and dianions were used to
determine their concentrations in thin films and estimate the ionisation efficiency (figure
4.8a). Near complete formation of F4TCNQ dianions can be observed for ηion ∼ 10mol%
followed by a gradual decrease of the anion to dianion ratio. Since Li+F4TCNQ – can only
accept one further electron a maximum ionisation efficiency of ∼100% is observed, whereas
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doping with F4TCNQ gives rise to double as many charges. As a result, significantly
different electrical properties are observed for doping with F4TCNQ and Li+F4TCNQ –.
Doping with F4TCNQ results in an electrical conductivity of 2 S cm–1 at only 10mol%,
which increases to a maximum conductivity of ∼100 S cm–1 for 40mol%. For a dopant
molar fraction of 50mol% F4TCNQ the electrical conductivity drops, which is ascribed to
the high dopant content that is likely to interrupt the nanostructure. Instead, p(g42T-TT)
doped with Li+F4TCNQ – exhibits a consistently lower electrical conductivity of 1 S cm–1
at 10mol% that increases to 18 S cm–1 for 40mol%.
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Figure 4.7: UV-vis absorption spectra of p(g42T-TT) (a) and molar fraction of neutral,
anionic and dianionic F4TCNQ formed after doping with different amounts of F4TCNQ.
Doping of p(g42T-TT) with F4TCNQ results in notably higher Seebeck coefficients
compared with Li+F4TCNQ –. For both dopants GIWAXS measurement indicate similar
changes to the semiconductor nanostructure, which are excluded as a cause for the
significantly different electrical properties. Therefore, the Seebeck coefficients allow direct
comparison of the number of mobile charge carriers in samples doped with F4TCNQ and
Li+F4TCNQ – (paper IV, SI). Indeed, twice the amount of mobile charge carriers is found
for doping with 10mol% F4TCNQ compared with Li+F4TCNQ – as a result of double
charge transfer from F4TCNQ to p(g42T-TT).
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The high charge carrier density in p(g42T-TT) doped with F4TCNQ was further corrobo-
rated by ultraviolet photoelectron spectroscopy (UPS) conducted by Dr. Anna Hofmann
and Dr. Xianjie Liu at Linko¨ping University (paper IV, figure 5). Additionally, for low
dopant fractions (0.5mol%) a significantly higher dissociation efficiency of ∼172% was
extracted from Mott-Schottky diodes for doping with F4TCNQ compared with ∼76mol%
for Li+F4TCNQ –. These measurements were undertaken by Dr. Hengda Sun at Linko¨ping
University, Campus Linko¨ping. Furthermore, kinetic Monte Carlo simulations by Prof.
Martijn Kemerink revealed a higher number of charges that significantly contribute to
conductivity at a given point in time for doping with F4TCNQ.
The influence of the IE of the conjugated polymer on the formation of dopant dianions
was further explored by doping of p(g42T-TT) with the weaker and stronger dopants
F2TCNQ and F6TCNNQ. Despite an EA- ∼4.5 eV of F2TCNQ, which is similar to the IE
of the polymer, only anions were observed in FTIR spectra (paper IV, SI figure 7). Instead,
doping with F6TCNNQ featuring an EA- ∼4.8 eV gave rise to dianions since EA- << IE.
45
2240 2200 2160 2120
wavenumber (cm-1)
p(g42T-TT)
IE = 4.5 eV
p(g42T-T)
IE = 4.6 eV
p(g32T-TT)
IE = 4.5 eV
p(a2T-TT)
IE = 4.9 eV
p(gBDT-MeOT2)
IE = 4.6 eV
F4TCNQ
EA = 5.2 eV 
EA– = 4.7 eV
F6TCNNQ
EA = 5.3 eV 
EA– = 4.8 eV
2240 2200 2160 2120
wavenumber (cm-1)
only anions
observed 
0 -1 -2 0 -1 -2
Figure 4.9: Summary of conjugated polymer / dopant pairs with confirmed double doping;
FTIR absorption spectra of the CN stretch-vibrations of polymers doped with F4TCNQ
and F6TCNNQ in the range between 2240 and 2100 cm–1. Spectra are normalized to
their highest intensity and y-axis was removed for clarity. Intensities of neat, anionic and
dianionic F6TCNNQ are taken from DFT predictions in reference 203.
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On the contrary, for doping of pBTTT, which features an IE of ∼5.2 eV, with F6TCNNQ
only anions were observed (paper IV, figure 2). Several other dopant/conjugated polymer
combinations leading to dopant dianion formation are summarized in figure 4.9. All listed
polymers feature an IE that is below 5 eV and, with the exception of p(a2T-TT), also
below the EA- of F4TCNQ and F6TCNNQ. The low IE of the conjugated polymers
is thought to aid dianion formation providing a sufficient energetic offset to allow the
transfer of a second charge from the conjugated polymer to the dopant anion. However,
for p(a2T-TT) the formation of F6TCNNQ dianions was observed despite EA- < IE,
which is explained with an influence of the electrostatic interactions between dopant and
semiconductor covered in section 4.2.
Finally, I investigated whether the molecular weight of the polymer and the side chain
length influences double doping (see paper IV, SI for experimental information). For
thin films of three fractions of p(g42T-TT) with different molecular weight significantly
different ratios of F4TCNQ anions to dianions were found, which indicates that double
doping may be further influenced by the molecular weight of the polymer. Additionally, for
p(g32T-TT) (see figure 4.9 for structure), which features shorter oligoethylene glycol side
chain, a higher dianion to anion ratio was found. Preliminary result indicate a stronger
tendency to aggregate of the polymer with a shorter oligoethylene glycol side chains,
which may influence double doping. Further studies are necessary to understand the effect
of polymer structure and film nanostructure on double doping.
I argue that double doping is a generic principle, which may apply to a wide range of organic
semiconductors with adequate energy levels, and therefore may allow to significantly
reduce the required dopant volume/weight fraction. For doping of p(g42T-TT) with 10 to
40mol% F4TCNQ a lower-bound charge carrier mobility range μ ∼0.06 - 2 cm2V–1 s–1
was deduced by counting all anions and dianions. Thus, application of double doping for
conjugated polymers featuring higher mobilities may allow to significantly increase the
electrical conductivity at low dopant loadings.
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4.2 Electrostatics & Dielectric Environment
Electrostatic interactions between donor and acceptor are a second important factor that
can influence the extent of charge transfer, and, in addition, are also critical for the
delocalisation and transport of charges. In case of the former, favourable electrostatic
interactions in a donor:acceptor pair may override an eventual mismatch of the energy
levels, i.e. EA < IE, to complete full charge transfer. For instance, Mityashin et al.
found that pentacene:F4TCNQ undergo full charge transfer as a result of favourable
electrostatic interactions.184 In their model they considered the stabilizing effect of
coulombic interactions between donor and acceptor and the energetic disorder introduced
by neighbouring dopant molecules, which opens up delocalisation pathways for polarons.
Moreover, a recent study found the effective energy levels of molecular dopants to be
strongly affected by electrostatic interactions with the host semiconductor and, hence,
measurements of their EA may only provide a limited means for the prediction of charge
transfer.79 In this view, formation of F6TCNNQ dianions with p(a2T-TT), which features
an IE ∼4.9 eV that is higher than the EA- of F6TCNNQ, can be explained by electrostatic
interactions. This is in analogy to the report of full charge transfer for doping of pBTTT
with F2TCNQ, despite a mismatch of their energy levels.65 Hence, like for single doping,
also for the formation of dopant dianions not only the difference between IE and EA-,
but also electrostatic interactions should be considered.
The electrostatic interactions between an electron hole pair are dependent on the dielectric
environment given by the dielectric constant of the surrounding material ε = εrε0, where
εr is the relative dielectric constant and ε0 the dielectric constant in vacuum. Typically,
organic semiconductors feature relative dielectric constants below 4, which is significantly
lower than those of inorganic semiconductors. As a result electron hole pairs tend to
be tightly bound to each other and require activation energies in the range of several
hundred meV.204 Especially in the case of organic solar cells enhancing the dielectric
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constant of conjugated polymers has been deemed to decrease the binding energy of
excitons and in turn increase the solar cell efficiency.170 Higher dielectric constants are
commonly achieved through the addition of fluorine groups205 or oligoethylene glycol
side chains.206 However, changes of the chemical structure may also lead to unfavourable
blend nanostructures resulting in overall lower solar cell performance despite a higher
dielectric constant. Constantinou et al. recently argued that a high dielectric constant of
the neat components is not necessarily crucial to achieve organic solar cells with a high
power conversion efficiency. In fact, a higher dielectric environment is already realized by
optimizing the nanostructure of donor:acceptor blends allowing enhanced excited state
polarizability.207
In the case of molecular doping the dielectric environment may influence both the extent
of charge transfer and the charge transport. However, experimental investigation presents
a considerable challenge since the effective dielectric constant of a (charged) doped layer
may differ significantly from that of the neat host semiconductor. Moreover, impedance
spectroscopy commonly used to measure the dielectric constant cannot be employed for
highly doped layers. For low dopant fractions the influence of a high dielectric constant
may directly correlate with an increased doping efficiency as was very recently shown
for enhanced n-doping of a high-dielectric fullerene derivative doped with 0.5mol% N-
DMBI.208
To investigate whether there is an influence of the dielectric environment on the formation
of dopant dianions the relative dielectric constants of pBTTT and p(g42T-TT) were
measured by Dr. Hengda Sun at Linko¨ping University using impedance spectroscopy.
Indeed, polar tetraethylene glycol side chains in p(g42T-TT) give rise to a higher dielectric
constant εr ∼ 4.2 compared with εr ∼ 2.6 for pBTTT (paper IV, SI figure 10). A low
dielectric constant comparable to that of pBTTT can be expected for p(a2T-TT). Since
p(a2T-TT) doped with F6TCNNQ leads to anion formation, whereas doping of p(g42T-
TT) with F2TCNQ does not, a higher dielectric constant of the conjugated polymer is
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not deemed crucial for dianion formation. Instead, double doping may be significantly
more dependent on the electrostatic interactions with charged dopants and polarons. (cf.
discussion below).
The dielectric environment may have an effect on the dissociation of ion pairs and
hence the delocalisation of polarons in the semiconductor. An indication of the extent
of delocalisation of polarons is provided by the position and oscillator strength of two
characteristic peaks at 0.15 eV and between 0.3 and 0.6 eV. Charge carrier delocalisation
in P3HT was shown to be dependent on the degree of polymer aggregation127 as well as
the donor:acceptor distance209 influenced by e.g. the use of larger dopant molecules.89,210
In the case of p(g42T-TT) doped with F4TCNQ a broad peak around 0.4 and 0.5 eV
can be observed, which indicates a donor:acceptor distance in the range between 0.6 and
1 nm, corroborated by DFT calculations done by the group of Prof. Adam Moule´ at the
University of California, Davis (paper IV, SI figures 17 and 18). Additionally, strongly
delocalized polarons for molar dopant fractions ĺ10mol% are indicated by a stronger
intensity of the peak at 0.15 eV relative to the aforementioned broad peak at higher
energies as argued by Ghosh et al.209 The higher dielectric constant of p(g42T-TT) may
contribute to the observed strong delocalisation.
Semiconductors and dopants are known to interact in solution. For example, in case
of P3HT:F4TCNQ the (electrostatic) interactions between dopant, semiconductor and
solvent have been shown to be important for their final film properties.211 Therefore,
I chose to investigate the concentration-dependence of dianion formation in p(g42T-T)
doped with a fixed dopant molar ratio of 5mol% by recording UV-vis spectra at various
solute concentration in chloroform/acetonitrile (1:1). Afterwards, the fractions of F4TCNQ
anions and dianions were estimated with the previously described fitting procedure (figure
4.10). Spectra were taken after repeated addition of small amounts of a F4TCNQ:p(g42T-
T) stock solution and were normalized to their maximum intensity, i.e. the peak associated
with the neat polymer at ∼2.1 eV. With increasing concentration of F4TCNQ:p(g42T-T)
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the absorption peak of F4TCNQ dianions at ∼3.8 eV decreases with respect to that of
anions at ∼2.8 eV, while neutral F4TCNQ is not present. The initial dianion to anion
ratio is estimated to be ∼ 4:1, which gradually decreases and finally shifts to a reversed
ratio of ∼ 1:4. Despite an overlap of both F4TCNQ anions and polarons below 1.8 eV,
the lowered absorption can be ascribed to dedoping of the polymer due to fewer dopant
dianions. Hence, F4TCNQ dianions and anions are in a chemical equilibrium similar
to the reported equilibrium between neutral and anionic F4TCNQ in P3HT.57 Note
that for higher dopant fractions also neutral F4TCNQ may be present and the complete
equilibrium can be stated as follows (P denotes the polymer):
F4TCNQ+ P −−⇀↽− F4TCNQ– + P+ −−⇀↽− F4TCNQ2– + P++
Debye-Hu¨ckel theory can be used to explain the observed dependence of the equilibrium
on the solute concentration. It describes the concentration dependence of solutes in a
solvent with the activity of the ionic species, i.e. their ionic radius, and the interactions
between them and the solvent.212,213 In the present system not only the attractive forces
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between polarons and dopant anions/dianions, but more importantly the repulsion between
F4TCNQ anions and dianions need to be considered. F4TCNQ dianions are assumed
to have a larger activity compared with anions since they bear one further negative
charge.214 At low solute concentrations F4TCNQ is dominantly present as dianions since
they are sufficiently separated by an average distance of ∼97 nm and can escape the
repulsion by other dianions. Instead, for higher concentrations F4TCNQ dianions are
forced to be in closer vicinity to neighbouring (charged) F4TCNQ molecules (∼27 nm),
whose repelling effect is thought to destabilize dianions and lead to increasingly higher
anion fractions. Interestingly, for films of p(g42T-T) doped with the same molar fraction
the dianion to anion ratio is found to be ∼ 3:2, which is significantly larger than for
high concentrations in solution. This is tentatively ascribed to solid state effects such as
aggregation of the polymer. However, electrostatic repulsion between dopant dianions
may still be a limiting factor for (double) doping in the solid state. Possible avenues to
reduce the repulsive force may be dilution of the polymer with (polar) insulating polymers,
similar to F4TCNQ:P3HT:PEO blends, which show an increase in ηion upon addition of
PEO (cf. paper I, figure 6), or charge screening by addition of electrolytes.
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5 Stability of Molecular Doping
Realisation of commercially-viable organic electronic devices requires that the materials
and structures display long-term chemical stability towards a variety of degradation
factors, such as light, oxygen, heat, water and chemicals.215 Specific applications translate
into particular requirements like robustness of solar cells towards continuous sun-light
exposure, tolerance of elevated temperatures for thermoelectric generators or water-
and chemical resistance for bioelectronics. In case of molecular doping the chemical
stability of neat semiconductors and dopant molecules as well as that of the doped state
need to be considered. Many n-dopants, for example, lack stability towards irreversible
oxidation in air and therefore they need to be applied using glove-box techniques ensuring
an inert atmosphere. But even n-doping with air-stable molecules such as N-DMBI is
known to result in an n-doped state, which is susceptible to the introduction of traps
by oxygen and water. These traps rapidly decrease the electrical performance and thus
an inert atmosphere is still required. Oxygen may also result in reversible oxidation
of p-type semiconductors, i.e. p-doping by electron transfer. The susceptibility of the
doped state and neat semiconductors towards oxygen and air is thought to be dependent
on their redox potentials.142 The pi-conjugated system in conjugated polymers is also
prone to irreversible oxidation by breaking of double bonds and introduction of new
groups resulting in shortened conjugation lengths along the backbone and in turn reduced
electrical performance.216 Irreversible oxidation may for example be induced by prolonged
heating in ambient air. P-dopants generally display a higher stability towards air compared
with n-dopants. However, strong electron acceptors, such as F4TCNQ, display considerable
reactivity with e.g. solvents under light exposure.72 It is commonly understood that their
chemical reactivity increases with the EA of the dopant. Small molecular dopants are also
known to diffuse through semiconductors, which can cause degradation of electronic devices
by migration through different layers, i.e. in OLEDs.217 The migration of dopant molecules
53
is enhanced by higher temperatures and electric fields as shown for F4TCNQ.218,219
Similarly, dopant molecules are prone to sublime from doped layers, which effectively
dedopes the semiconductor.220
In the context of this thesis the term stability is used to describe the resilience of the
electrical conductivity of a material against certain external influences. The first part of
this chapter will focus on the thermal stability of p-doped conjugated polymers, whereas
the second part will cover the stability of n-doping towards ambient air.
5.1 Thermal Stability of p-Doped Polymers
At elevated temperatures organic semiconductors are prone to degradation by thermal
oxidation or thermally induced structural changes and stresses that lead to lowered device
performances. Heating of some devices like organic solar cells due to solar radiation is
nearly unavoidable and in case of organic thermoelectrics is done intentionally to create a
temperature gradient. Therefore, it is important for doped layers to maintain conductivity
even upon exposure to thermal stress. Small molecular dopants like F4TCNQ are known
to easily sublime at moderate temperatures above ∼80 ◦C. The high vapour pressure can
be exploited for sequential doping of conjugated polymers with dopant vapour (cf. section
2.2).64,65,74,136 At the same time heating of polymers doped with small molecules results
in rapid dedoping as shown for F4TCNQ:P3HT films leading to a drop of their electrical
conductivity.220
Li et al. showed that the thermal stability of doping with F4TCNQ was enhanced for
an oligoethylene glycol/sulfonic acid functionalised polythiophene as a result of stronger
semiconductor:dopant interactions.171 In paper II we demonstrate that tetraethylene
glycol side chains help to maintain the electrical conductivity of p(g42T-T) doped with
F4TCNQ up to 150 ◦C. Here, additional UV-vis spectra at elevated temperatures and
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data for p(g42T-TT) are added to the analysis of the thermal stability of polythiophenes
with oligoethylene glycol side chains.
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Figure 5.1: Electrical conductivity of p(g42T-TT), p(g42T-T) and P3HT doped with
F4TCNQ during gradual heating. Note that p(g42T-T) and P3HT are doped with 10mol%
per thiophene (12.3 and 15.6wt%) and p(g42T-TT) is doped with 40mol% relative to
the polymer repeat unit (20.5wt%).
To follow the temperature-dependence of the electrical conductivity of p(g42T-T), p(g42T-
TT) and P3HT doped with F4TCNQ, thin drop-cast films were gradually heated from
room temperature to 180 ◦C at 2 ◦Cmin–1 and at ambient atmosphere (figure 5.1). The two
polymers bearing tetraethylene glycol side chains display a markedly different behaviour
compared with P3HT. The electrical conductivity of doped P3HT drastically drops by
several orders of magnitude. The onset of the drop at ∼80 ◦C is in agreement with Hase et
al. who reported the electrical conductivity of of thin spin-coated films of F4TCNQ:P3HT
after static temperature annealing for 60min.220 Instead, p(g42T-T) doped with the same
molar fraction displays near constant conductivity until up to ∼150 ◦C, which is explained
with significantly slower sublimation of F4TCNQ from p(g42T-TT) as compared with
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P3HT (paper II, SI figure 13). The conductivity of p(g42T-TT) also remains constant
up to ∼120 ◦C and then slowly decreases, which may be a result of the higher dopant
weight fraction of 20.5wt% compared with doped films of p(g42T-T) that contained
only 12.3wt% F4TCNQ. The enhanced thermal stability of p(g42T-T) and p(g42T-TT)
compared with P3HT is rationalized with electrostatic interactions through dipole-dipole
forces between F4TCNQ and the tetraethylene glycol side chains (cf. chapter 3). This is in
agreement with the study of bilayers consisting of an oligoethylene glycol functionalized
polythiophene and P3HT by Li et al. where F4TCNQ was found to preferably reside in the
polar polythiophene layer.171 Reduced side chain density, which increases the available
space for dopant ions, may also contribute to the observed behaviour.221 High thermal
stability was recently also demonstrated by Hofmann et al. for doping of p(g42T-T) with
several organic acids.95
Dopant molecules and conjugated polymers are in an equilibrium with their charged species
(cf sections 4.1.2 and 4.2). Wang et al. found that the equilibrium in F4TCNQ:P3HT
is temperature dependent and heating and cooling of solutions resulted in reversible
(de)doping.222 To probe the temperature-dependence of double doping I recorded spectra
of drop-cast films at different temperatures and estimated the fractions of abundant
F4TCNQ species by fitting according to the procedure described in paper IV. For a
low dopant molar fraction of 2mol% (figure 5.2) a large fraction of F4TCNQ dianions
xdianion > 95% and complete absence of neutral F4TCNQ is estimated for as spin-coated
films at 20 ◦C. Increasing the temperature by steps of 20 ◦C to a final temperature
of 100 ◦C resulted in fewer F4TCNQ dianions concomitant with a higher fraction of
dopant anions xanion ∼ 40%. Simultaneously, spectral features associated with the neutral
polymer slightly increase and the absorption below ∼1.7 eV decreases indicating a smaller
number of polarons in agreement with fewer dopant dianions. Cooling to the starting
temperature recovers the initial ratio between anions and dianions. However, the total
number of F4TCNQ anions and dianions is reduced, which may be explained with slow
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sublimation of dopant from the film by continuous heating for a prolonged time during
the measurements.
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Figure 5.2: UV-vis (a) and FTIR (b) absorption spectra of p(g42T-T) doped with 2mol%
and molar fractions of neat and anionic F4TCNQ at various temperatures (c).
(*) Temperature after cooling.
For films doped with a higher molar fraction of 10mol% F4TCNQ only neat and anionic
F4TCNQ, but not dianions can be discerned (figure 5.3). Heating results in an increasing
relative fraction of anions to neutral F4TCNQ from xanion ∼ 44% at 20 ◦C to ∼80%
for 100 ◦C. This is associated with a marginally decrease of the polaron absorption and
slightly higher neat polymer absorption. Relative fractions of anionic and neat F4TCNQ
after cooling are comparable to their initial values, but similar to films containing a low
dopant fraction the total amount of dopant molecules is found to be reduced and may
again be explained by sublimation of F4TCNQ. Dopant sublimation may also account
for the discrepancy between lowered polaron absorption and increased anion fraction at
higher temperatures ĺ80 ◦C. Polaron absorption below 1 eV is also strongly influenced
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by changes to the charge carrier delocalisation, which may play a role for the observed
behaviour.209
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Figure 5.3: UV-vis (a) and FTIR (b) absorption spectra of p(g42T-T) doped with 10mol%
and molar fractions of neat and anionic F4TCNQ at various temperatures (c).
(*) Temperature after cooling.
Finally, I investigated the thermal stability of p(g42T-T) doped with a set of different
molecular dopants by annealing for 5min at elevated temperatures (figure 5.4). The set
of dopants include bulky molecules, such as the fluorinated fullerene C60F48 supplied by
Dr. Olga Boltalina, Colorado State University, and several molybdenum metal complexes
from Prof. Seth Marder’s group at Georgia Institute of Technology, which are not prone
to sublimation. For all dopants except of F6TCNNQ a drop of the film conductivity is
observed between 100 and 130 ◦C. Instead, for F6TCNNQ a conductivity drop is only
noted after annealing at 160 ◦C, which may be attributed to a reduced vapour pressure
compared with F4TCNQ. Note that thin spin-coated films were used for this analysis,
which may favour the sublimation of F4TCNQ and thus explaining the earlier loss of
electrical conductivity as compared with gradual heating, where thicker drop-cast films
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were investigated (cf. figure 5.1). For small, light dopants such as TCNQ and TCNE
sublimation may be responsible for the loss of electrical conductivity after exposure
to higher temperatures. Bulky, heavy dopants lack the ability to sublime and hence
it can be excluded as a cause for their loss of conductivity. Even for small dopant
molecules sublimation is likely not the only cause for the observed temperature instability.
Possible other explanations may be changes to the nanostructure of doped films, e.g.
phase separation of the dopant, or chemical reactions that may involve both the ionized
semiconductor and the dopant, e.g. thermal oxidation. Other chemical reaction besides
oxidation are also indicated in the case of P3HT:F4TCNQ, where I noted the occurrence
of a strong exothermic peak below 190 ◦C in differential scanning calorimetry in inert
atmosphere, which implies a chemical reaction between the dopant and the semiconductor.
Furthermore, the results demonstrate that very short annealing times of only 5min at
elevated temperatures are sufficient to significantly reduce the conductivity of thin films
of doped conjugated polymers.
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Figure 5.4: Electrical conductivity of p(g42T-T) doped with 10mol% of several different
molecular dopants of as spin-coated films and after annealing for 5min at 100, 130 and
160 ◦C. Missing data points indicate that the conductivity dropped below the measurable
range. Preparation of films and electrical measurements were undertaken by Dr. Anna
Hofmann and myself.
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In general, there are many pathways by which thermal degradation can occur and therefore
dopant:semiconductor pairs need to be considered individually. Further, they may be
depend on the incorporated amount of dopant and the sample dimensions. In case of
p(g42T-T) doped with F4TCNQ, dopant ionisation is found to be strongly temperature
dependent. The relative amounts of neutral, anionic and dianionic F4TCNQ were found
to reversibly change upon heating to 100 ◦C. Polar oligoethylene glycol side chains offer
significantly improved thermal stability compared with P3HT, as a result of enhanced
interactions with F4TCNQ. Possible strategies for further improvement of the thermal
stability of doped conjugated polymers include the use of bulkier dopants that are less
prone to sublimation or chemical linking of dopants by either cross-linking or tethering
to the side chains, i.e. self-doping. Note that the doped state may still be vulnerable to
thermal oxidation, which may require different solutions, e.g. encapsulation.
5.2 Air Stability of n-Doped Polymers
N-doped organic semiconductors are needed for the operation of nearly all types of
organic electronic devices, like as active material in organic thermoelectric generators
or as interlayers in organic solar cells and OLEDs (cf. chapter 2). However, n-doped
organic semiconductors commonly suffer from rapid loss of their conductivity when
exposed to air. N-type organic layers are thought to be passivated by electron trapping
induced by oxygen and water molecules.142,223,224 Encapsulation is a common way to
protect from water and oxygen, but intrinsic solutions for better air stability are required.
The most promising approach is to decrease the LUMO level, i.e. to increase the EA,
of semiconductors by electron withdrawing groups, which has been demonstrated for
several small molecular semiconductors.225–228 This principle was expanded to conjugated
polymers229,230 and very recently Nava et al. reported air stable n-doping of the thiolated
conjugated polymer 2S-trans-PNDIT2 previously mentioned in chapter 2. Compared with
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its analogue p(NDI2OD-T2) it features an increased EA, which is thought to reduce
the redox-activity of electrons induced by the dopant N-DPBI. The authors found a
remarkable stability of the electrical conductivity for continuous exposure to air, whereas
that of p(NDI2OD-T2) rapidly decreased.
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Figure 5.5: Air stability of pristine and N-DMBI-doped p(gNDI-gT2); the current at 0.5V
was extracted from I–V curves recorded in nitrogen, in air, and finally again in nitrogen.
Note that the non-ohmic behaviour of several samples prevented us from extracting the
electrical conductivity.
Air stability measurements of p(gNDI-gT2) displayed in figure 5.5 were undertaken by Dr.
Hengda Sun and myself at Linko¨ping University. Freshly prepared films of neat and doped
p(gNDI-gT2) were exposed to ambient air and the current-voltage (I-V) behaviour was
recorded at various times (paper IV, SI figure 13). We chose to use the current measured
at 0.5V because of non-ohmic behaviour of doped samples after air exposure for 30min,
which prohibited extraction of the electrical conductivity. The response of neat and doped
samples to air exposure was significantly different. The current for neat films rapidly
dropped by several orders of magnitude upon air exposure. Instead, the current measured
for doped films remained similar for the first 20min and then decreased significantly.
Interestingly, returning the samples to the glovebox followed by annealing at 80 ◦C for
10min recovered the current for both samples. This behaviour suggests that passivation
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takes place by absorption of oxygen or water from air, which is further indicated by a
reduced conductivity after intentional exposure of the film to water (paper IV, SI figure
14). In fact, the susceptibility of water absorption by polar side chains was recently
demonstrated by Savva et al.231 The results further indicate that doped samples can
be handled in ambient atmosphere for a short period of time. A better air stability of
p(gNDI-gT2) could be expected due to its higher EA of ∼4.1 eV166 compared with e.g.
p(NDI2OD-T2) (∼4.0 eV174). However, p(gNDI-gT2) also features a low IE of ∼4.8 eV as
a result of the electron-rich thiophene units, which induces susceptibility to oxidation by
ambient oxygen and may lead to less mobile polarons by localisation on NDI units.
To allow both air-stable doping and good miscibility of dopants with conjugated polymers,
thionated structures used by Nava et al.144 could be combined with the addition of glycol
side chains. Alkyl spacers between the backbone and the ethylene glycol units should be
used in order to avoid the reduction of the IE.
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6 Concluding Remarks & Outlook
Several strategies to enhance the efficiency and stability of molecular doping of conjugated
polymers were discussed in this thesis. To begin with I investigated blending of a doped
conjugated polymer with insulator polymers to fabricate conducting bulk structures.
Unfortunately, processing of F4TCNQ:P3HT with PEO, PLLA and PE was found to
not significantly improve processing of the doped semiconductor. Nonetheless, good
compatibility of PEO with F4TCNQ:P3HT was observed, which was ascribed to the
polarity of PEO. Encouraged by this first study I explored the effect of polar oligoethylene
glycol side chains instead of alkyl side chains on molecular doping. Polar side chains
were found to significantly enhance the compatibility of both n- and p-type conjugated
polymers with polar molecular dopants and their solubility in polar organic solvents.
Films of p(g42T-T) bearing tetraethylene glycol side chains p-doped with F4TCNQ
could be cast at room temperature and did not suffer from excess dopant interrupting
their nanostructure at saturated dopant loadings as opposed to F4TCNQ-doped P3HT,
which carries alkyl side chains. Likewise, phase separation of the n-dopant N-DMBI
and the conjugated polymer p(gNDI-gT2) was largely suppressed up to a dopant molar
ratio of 20mol% by its oligoethylene glycol based side chains. The good compatibility
led to a ten times higher ionisation efficiency in doped p(gNDI-gT2) of 13% compared
with its analogue p(NDI2OD-T2), which gave rise to a higher electrical conductivity of
0.3 S cm–1.
Secondly, I studied the impact of lowering the IE of p-type conjugated polymers on
molecular doping and discussed the electrostatic interactions between the semiconductor
and dopant. A lower IE allows a greater choice of dopant molecules as demonstrated
by efficient doping of p(g42T-T) with the weak dopant DDQ. More importantly, a low
IE was found to give rise to the novel concept of double doping, where the transfer of
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two electrons from a conjugated polymer to a single dopant molecule leads to formation
of dopant dianions. The common molecular dopant F4TCNQ readily forms dianions in
p(g42T-TT), which results in twice as many charge carriers on the conjugated polymer and
allows to significantly reduce the dopant fraction. I demonstrated the formation of dopant
dianions for nine different conjugated polymer / dopant combinations, which illustrates
that dianion formation in conjugated polymers is a general concept. Double doping is
favoured by an offset between the IE of the conjugated polymer and the EA0 of the
molecular dopant as well as the EA- of its corresponding anion. Favourable electrostatic
interactions between dopant and semiconductor are likely a further factor that impacts
dopant dianion formation. Furthermore, the equilibrium between neutral and charged
dopant and conjugated polymer was found to depend on their concentration, which was
correlated with electrostatic interactions between the charged species.
Finally, the thermal stability of p-doped p(g42T-T) and p(g42T-TT) and the air-stability
of n-doped p(gNDI-gT2) were studied. The polar side chains were demonstrated to
significantly increase the thermal stability compared with P3HT. Prolonged heating was
found to reduce the amount of F4TCNQ in p(g42T-T), which may be partially due to
dopant sublimation. However, other degradation mechanisms e.g. thermal oxidation could
not be excluded. N-doped films of p(gNDI-gT2) were found to be stable in air for a short
time after which their conduction strongly decreased, which could be reversed through
annealing in inert atmosphere. This behaviour was ascribed to introduction of reversible
traps by oxygen or water in air.
The results presented in this thesis will aid the design of highly efficient, solution-
processable and highly conducting molecularly doped conjugated polymers that are in
high demand for a wide range of applications. Polar side chains are particularly interesting
for printing of doped conjugated polymers and for bulk processing, where sequential
doping is not applicable. To further advance the use of polar conjugated polymers for
molecular doping it is necessary to understand the impact of processing methods and the
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resulting underlying nanostructure on their properties. These may not be simply conveyed
from conjugated polymer with aliphatic side chains. One can envision a large variety of
conjugated polymers with different polar side chain structures adapted to the desired
solvent, dopant and post-treatment.
The concept of double doping constitutes a significant improvement for molecular doping
of conjugated polymers since it may allow to considerably reduce the number of dopant
molecules that is required to reach a high electrical conductivity. This thesis provides some
initial design criteria for conjugated polymers that are needed to enable dopant dianion
formation of strong two-electron acceptor molecular dopants. I anticipate that the design
of polymers with higher charge-carrier mobility and energy levels designed for double
doping as well as the use of stronger dopants with the ability to abstract two electrons from
polymers with a higher IE will result in a new class of highly conducting materials. To fully
harness double doping it will be important to gain a comprehensive picture of how the
chemical structure and underlying nanostructures, such as aggregation, influence dopant
dianion formation. This may in part be aided by revisiting existing literature, where dopant
dianions may be present, but have not been noticed. Double doping may theoretically also
be applicable for the design of n-doped conjugated polymers through formation of dopant
dications. However, potential structures for dopant molecules with a sufficiently low IE
are predicted to be extremely unstable. In particular for organic thermoelectrics it will be
important to understand the mechanisms that lead to thermal degradation in molecularly
doped conjugated semiconductors. It is clear that polar interactions between dopant and
conjugated polymer and dopants with a higher molecular weight are important factors
that impact the tendency of the dopant to sublime. However, evidently there are other
degradation pathways that play a role and must be addressed. In summary, in my thesis I
have shown that polar side chains are a powerful design tool that allows to enhance the
processability, doping efficiency and stability of doped conjugated polymers.
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